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Titanium has a wide variety of applications in a multitude of industries but can be costly 
in large quantities.  To reduce the amount of titanium alloys needed and therefore the cost of 
materials, some suggest designing parts made with both titanium alloys and stainless steels.  
Current joining methods produce intermetallic compounds (intermetallics) at the joint interface 
which are detrimental to joint strength. 
In this study, dissimilar joints between 436L stainless steel and a titanium alloy, Ti 1.2 
ASN, were made by the solid-state welding methods of vaporizing foil actuator welding (VFAW) 
and mash seam resistance welding (MSW). A Nb interlayer was used in the MSW process as a 
diffusion barrier due to the relative higher heat input and longer welding time in comparison to the 
VFAW process. The welds were evaluated to identify correlations between microstructural and 
mechanical properties.  Microstructural characterization of the base materials and solid-state joints 
was performed by optical microscopy, scanning electron microscopy (SEM) with energy 
dispersive x-ray spectrometry (EDS) and hardness testing using both Vickers microhardness and 
nanoindentation.  Mechanical properties were tested by means of tensile and tensile-shear testing 
with in-situ digital imaging correlation (DIC) to map localized strain.  In the VFAW joints, jet-
trapped zones and discrete regions of Ti-Fe intermetallic compounds were observed along the weld 
interface. The maximum shear strength was observed to be about 227 MPa and failure occurred 
through the Ti 1.2 ASN base material.  In the MSW joints, the 436L stainless steel reacted with 
the Nb interlayer and formed a hard reaction layer ranging from 42 μm to 480 μm in thickness that 
was rich in Cr, Fe, and Nb.  No reaction between Ti 1.2 ASN alloy and the Nb interlayer was 
observed.  The maximum tensile strength for this samples was about 428 MPa.  The MSW joints 
iv 
did not fail at the joint interface despite the presence of a hard reaction layer, this could be partly 
attributed to the larger thickness in the lap-joint geometry than that of the base materials. 
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CHAPTER 1: INTRODUCTION  
1.1 Industrial Relevance 
 Titanium alloys have an excellent combination of properties including good corrosion 
resistance and a high strength-to-weight ratio, i.e., lightweight [1].  Titanium alloys are utilized for 
a wide variety of applications over a large range of industrial fields.  These fields include chemical 
processing, cryogenic, nuclear, aerospace, aviation, automotive, and shipbuilding industries [2-4].   
Dissimilar metal joining of titanium alloys to steels has gained considerable attention in the design 
of economic, lightweight and corrosion-resistant structures. Titanium alloys can cost as much as 
$8 per kilogram [5], which is about three-times the cost of the 4xx stainless steels [6].  Creating 
parts entirely from titanium alloys becomes costly but by manipulating the part design, the cost 
can be controlled by using stainless steel in locations that are less demanding in 
corrosion/oxidation resistance. In comparison to titanium alloys, stainless steels have relatively 
lower strength-to-weight ratios. The high chromium content in stainless steels, for instance, 17.3 
wt% Cr in the 436L stainless steel that is used in this study, ensures good corrosion resistance.  
1.2 Motivation for Research 
 This research study focuses on enabling dissimilar joining of titanium alloys to stainless 
steels for automotive and aerospace applications. The exhaust system is one such application for 
the automotive industry.  Figure 1.1a shows an example exhaust system provided by Tenneco, one 
of the collaborator companies of this project.  As shown in Figure 1.1a, the piping of the exhaust 
system is made from titanium while the muffler is made from stainless steel.  The titanium piping 
would reduce the weight of the exhaust system while retaining the reliability at high temperatures.  
Joining the piping directly to the stainless steel muffler would further reduce weight by eliminating 
clamps currently in the exhaust system design.  Another application this research is evaluating is 
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the landing gear actuator that combines titanium shaft and stainless steel gear in the aerospace 
industry. Figure 1.1b is the cross section of a proposed actuator shaft design provided by Boeing.  
The actuator shafts could be made from titanium and joined to the bevel gear which would be 
made from case hardened steel, in order to reduce the overall weight of the landing gear.  However, 
it is difficult to produce robust and reliable titanium to stainless steel joints using conventional 
fusion welding technologies for reasons discussed in the next section. 
 
 
Figure 1.1 Selected target applications: (a) automotive titanium exhaust system components image 
provided by Tenneco, (b) bevel gear on shaft image provided by Boeing. 
 
1.3 Current Issues for Joining Titanium Alloys to Stainless Steels 
 Reliable joints between titanium alloys and stainless steels are currently difficult to produce 
due to the tendency to form brittle Ti-Fe intermetallic compounds, different thermal properties, 













(1) Brittle intermetallic formation is the main issue for forming reliable joints between titanium 
alloys and stainless steels [7].  Intermetallics, such as TiFe and TiFe2, can act as crack 
initiation sites which reduces the overall strength of the joint [8].  Fractures tend to follow 
intermetallic layers as the energy required for crack propagation decreases with increasing 
brittleness. The joining of titanium alloys to stainless steels would be greatly improved by 
the reduction or elimination of these intermetallics.  
(2) Drastic differences in the thermal expansion coefficient and thermal conductivity between 
titanium alloys and stainless steels lead to the evolution of high tensile residual stresses in 
the dissimilar joints [9-11].   
(3) Titanium alloys are chemically active and tend to bond with elements from non-inert 
atmospheres or surrounding materials.  This can lead to undesired oxides and nitrides if a 
joining method which employs heat for an extended period is used in a non-inert 
atmosphere, but can be avoided if joining is performed in an inert environment [3]. 
1.4 Objectives 
 One of the main issues that arises during the joining of titanium alloys to stainless steels is 
the formation of brittle intermetallics, including Ti-Fe intermetallics.  This research is focused on 
evaluating joints produced by solid-state welding methods.  Intermetallics form when the joints 
experience high temperatures for an extended period.  In comparison to conventional fusion 
welding methods, solid-state welding processes introduce lower heat input and avoid melting of 
base materials.  The two solid-state joining methods studied in this work include vapor foil actuator 
welding (VFAW) and mash seam resistance welding (MSW).  VFAW has the advantage of 
extremely short welding time in the magnitude of milliseconds.  Microstructural characterization 
and mechanical testing were performed to evaluate joint quality and performance.   
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CHAPTER 2: LITERATURE REVIEW  
 This chapter reviews literature on the methods used for dissimilar joining of titanium alloys 
to stainless steels.  Section 2.1 focuses on autogenous joining techniques (i.e., joining without 
using an interlayer or filler material) and Section 2.2 reviews joining techniques that use various 
interlayer materials as a diffusion barrier. Section 2.3 introduces the welding technologies 
evaluated in this study, including vapor foil actuator welding without using an interlayer, and mash 
seam resistance welding with a Nb interlayer. 
2.1 Autogenous Welding Techniques 
 Various welding techniques, both fusion and solid-state, have been used in attempt to form 
autogenous welds between titanium alloys and stainless steels.  However, none of the attempts 
succeed in avoiding the formation of Ti-Fe intermetallics completely.  Fusion welding produced a 
higher amount of intermetallics than solid-state welding due to longer exposures to temperatures 
above the melting point of the base materials.  Explosive welding, a solid-state welding technique, 
produced the least amount of intermetallics due to the high speed at which the weld was formed.   
2.1.1 Fusion Welding 
 Fusion welding is any welding process that includes melting the base materials to make a 
weld [12].  This section reviews autogenous joints between titanium alloys and stainless steels 
produced by gas tungsten arc (TIG) welding and laser welding. 
 TIG welding  produced joints containing brittle intermetallic phases such as TiFe and TiFe2 
and eutectic microstructures [13].  The presence of these features results in a joint weaker than the 
base materials. Laser welding has also been investigated in an attempt to create quality joints 
between titanium alloys and stainless steels [2, 14].  Joints with little or no offset from the joint 
seam cracked and broke apart while being removed from the laser housing and were unable to be 
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tested for mechanical properties [14].  Joints formed by offsetting the laser onto the titanium base 
material were embrittled by various intermetallics, such as TiFe2 and Ti5Fe17Cr5 [14] and exhibited 
“extensive cracking” [2].  Having the laser offset towards the stainless steel resulted in two layers 
of Ti-Fe intermetallics totaling a thickness of 15 μm as seen in Figure 2.1.  The joints made with 
the laser offset into the stainless steel had the highest strength reported by Chen et al. at 150 MPa 
and failed between the intermetallic layers [14].  The improved weldability for the case with laser 
offset toward stainless steel was believed to result from the higher thermal conductivity of stainless 
steel (12.1W/m.K at 20 °C) than that of titanium alloy (5.44W/m.K at 20 °C). 
  
Figure 2.1 Interfacial microstructures of the joint at the offset of laser beam toward stainless steel 
[14]. 
 
 The formation of extensive brittle intermetallics is believed to be caused by the long 
exposure to high temperatures above or near the melting point of the base materials.  Intermetallics 
often act as a failure initiation site and reduce the strength of a joint.  Failures occurred at the joint 
interface during tensile testing across all types of joints due to the presence of brittle intermetallic 
compounds [15]. 
2.1.2 Solid-State Welding 
 Solid-state welding is a classification of joining techniques that does not cause melting in 
the materials being joined.  Solid-state welding could be a promising method for titanium to 
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stainless steel dissimilar joining that potentially prevents intermetallic formation due to a lower 
peak temperature compared to fusion welding processes.  This section reviews reports on friction 
and friction stir welding, diffusion bonding, and explosive welding as methods for joining titanium 
alloys to stainless steels. 
 Friction and friction stir welding processes result in peak temperatures well below that of 
fusion welding.  Friction stir welding on Ti-6Al-4V is reported to reach 1000°C using low 
rotational speeds and 1200°C using high rotational speeds [16].  A 5 μm thick layer of TiFe 
intermetallic was reported to form on the stainless steel side of the stir zone [17, 18].  This is a 
third of the thickness reported for laser welding.  The maximum shear strength was 119 MPa with 
failure occurring at the intermetallic layer.  In a review paper regarding titanium to steel welding, 
Szymlek reported that “it is not possible to avoid creation of intermetallic phases in the whole 
joint” using friction welding which then act as crack initiation sites and reduce the strength of the 
joint [19].  Contrary to Szymlek, Dey et al. reported tensile failure in the titanium base material of 
a joint generated by friction welding despite the formation of intermetallics at the joint interface 
[20].  The maximum tensile strength Dey et al. reported was 400 MPa and failure was not caused 
by the intermetallics within the joints [20].  No explanation was given as to why the joints did not 
fail at the intermetallics as would be expected.  Intermetallic compounds form during friction 
welding due to peak temperatures reached and the time it takes for the joint to cool to room 
temperature. 
 Diffusion bonding is a joining method that uses heat, pressure, and time to create a bond.  
Temperatures used are generally below 1000°C and held at temperature between 0.5 and 2 hours 
[3, 10, 21, 22].  Intermetallics such as TiFe, TiFe2, and Fe2Ti4O were observed at interfaces 
between titanium alloys and stainless steels made by diffusion bonding [7, 23, 24].  The maximum 
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tensile strength and shear strength reported were 326 MPa and 241 MPa respectively [22].  
Intermetallics are formed during diffusion bonding due to long times the joints are held at 
temperature and slow cooling rates, despite low temperatures used for bonding. 
 Explosive welding uses the kinetic energy from explosives to create a metallurgical bond 
between materials and has been used to produce joints between titanium alloys and stainless steels.  
No heat is directly input into the joint for this method.  Instead, heat is generated during the joining 
process and applied to the joint for a “very short” amount of time as the joint is formed at a velocity 
of about 2400 m/s [25-27].  Literature using this technique have reported instances where 
intermetallics formed [27-29] and instances where intermetallics were not formed [30].  Song et 
al. reported Ti-Fe intermetallics formed behind the waves of the interface, seen in Figure 2.2, due 
to partial melting during joint formation [29].  Song et al. also reported microcracks occurred 
within the intermetallics and a maximum tensile strength of 220 MPa.  Kahraman et al. reported 
no intermetallic formations were found in their joints, seen in Figure 2.3 [30].  These joints failed 
in the titanium base material during testing and had a maximum strength of 726 MPa.  Although 
the small amounts or lack of intermetallics are promising, the use of explosive welding is restrictive 
due to the size and geometry of the weld needed and the capability and knowledge of using 
explosives [31]. 
 
Figure 2.2 SEM (BSE) micrograph of the interface region showing formation of intermetallic 
inclusions (arrows) at the wave crest regions [29]. 
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Figure 2.3 Optical image of stainless steel/titanium joint with no intermetallic phases [30]. 
 
2.2 Joining Techniques Using an Interlayer 
 An approach to avoid the formation of brittle intermetallics while producing titanium alloy 
to stainless steel joints is to use an interlayer as a diffusion barrier between the base materials [15].  
None of the interlayers used to join titanium alloys to stainless steels found in literature entirely 
prevented the formation of intermetallics. 
2.2.1 Fusion Welding 
 This section reviews joints between titanium alloys and stainless steels produced by TIG 
welding, laser welding, and electron beam welding with the aid of interlayers. 
 TIG welding has produced acceptable titanium to stainless steel welds using a combination 
of interlayers.  Szymlek reported on welds made using a bronze interlayer for the steel side of the 
joint and  tantalum or vanadium as an interlayer on the titanium side [19].  These welds were defect 
free and had satisfactory mechanical properties, though Szymlek did not include the exact strength 
of the joints in their review.  Despite the wide availability of TIG welding equipment, this method 
is not widely used for joining titanium alloys to stainless steel due to the high-priced interlayers 
needed to produce a defect free joint.  According to Metalary [32] and LIVE Vanadium Price, 
News and Articles [33], tantalum and vanadium price at $152 and $81 per kg respectively. 
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 Laser welding has been used to make joints between titanium alloys and stainless steels 
using vanadium and tantalum as interlayers.  Joints using vanadium as an interlayer had both 
longitudinal and transverse cracking in the weld and could only hold a small load before breaking 
[2].  The fracture surface showed evidence of brittle intermetallics leading to the decision that 
vanadium is not a good interlayer for titanium alloy to stainless steel laser welded joints.  Joints 
with a “considerable strength” of 44 MPa could be produced using tantalum as an interlayer [2].  
According to Shanmugarajan et al, the ductility of these joints would need to be improved for any 
future use [2].  The high price of tantalum reduces the feasibility of this interlayer being applied 
in industry to produce welds between titanium alloys and stainless steels. 
 Wang et al. stated that good joints between Ti-15-3 titanium alloy and 304 stainless steel 
using electron beam welding cannot be achieved without the aid of an interlayer [13].  The most 
common interlayers for joining titanium alloys to stainless steels by electron beam welding were 
copper [4, 13, 34] and nickel [34].  The copper interlayer produced solid joints with a tensile 
strength of 234 MPa [13, 34] and could be increased to 350 MPa by offsetting the electron beam 
into the stainless steel base material [4].  Ti-Cu, Ti-Cu-Fe, and TiFe2 intermetallics formed during 
the welding process and embrittled the joint causing brittle fractures [4, 13].  The use of a nickel 
interlayer produced joints with a tensile strength of 124 MPa but formed intermetallics, such as 
Fe2Ti, Ni3Ti, and NiTi2 [34].  These interlayers were unable to prevent diffusion of the base 
materials and the formation of intermetallics.  Wang et al. suggests that the tensile strength of a 
joint is inversely related to the average hardness of the interface compound layer [34]. 
2.2.2 Solid-State Welding 
 This section reviews reports of friction and friction stir welding, diffusion bonding, and 
explosive welding as methods for joining titanium alloys to stainless steels using interlayers. 
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 Friction and friction stir welding have made joints between titanium alloys and stainless 
steels using interlayers such as nickel and a combination of vanadium and copper.  Muralimonhan 
and Muthuandi reported a maximum tensile strength of 310 MPa when using a nickel interlayer 
[35].  A hard Ti-Ni intermetallic was found at the titanium/nickel interface, as shown in Figure 
2.4, which was the observed failure location.  Szymlek reported on a combined interlayer of 
vanadium for the titanium side and copper for the stainless steel side as in Figure 2.5 [19].  Each 
interlayer was first bonded with its respective side and then the two sides were joined together.  
The reported average tensile strength of these joints was 404 MPa. 
 
Figure 2.4 Microstructure of 60 μm thickness of interlayer welds (a) optical microscopy (b) SEM 
[35]. 
 
Figure 2.5 Cross-sectional view of titanium-X10CrNiTi189 austenitic steel joints welded by 
friction method [19]. 
 
 Diffusion bonding has used silver-based alloys, aluminum-based alloys, copper-based 
alloys, and nickel, for interlayers between titanium alloys and stainless steel [3, 9, 36-39].  Atasoy 
et al. did not mention the formation of intermetallics with the silver based filler material and 
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produced joints with a maximum tensile strength of 32 MPa [3].  Aluminum based filler material 
resulted in joints with a maximum tensile strength of 183 MPa, but also formed Al-Fe 
intermetallics on the stainless steel/filler material interface [36].  Copper based filler material 
formed Cu-Ti and Cu-Fe intermetallics but prevented the formation of Ti- Fe intermetallics [37].  
Elrefaey et al. reported a maximum shear strength of 105 MPa using copper based filler material 
[37].  Nickel filler material formed intermetallics with both the titanium and stainless steel as 
shown in Figure 2.6.  The maximum tensile and shear strengths were 270 MPa and 194 MPa 
respectively [9, 38].   
  
Figure 2.6 SEM microstructure of titanium/steel diffusion bonded joint [9]. 
 
 Maliutina et al. used a combination of bronze and tantalum interlayers to produce joints 
using explosive welding [40].  The bronze was next to the stainless steel side of the joint and the 
tantalum was next to the titanium side.  The welded interface is shown in Figure 2.7.  This joint 
resulted in no microcracks and had a reported maximum tensile strength of 1000 MPa.  Maliutina 
et al. attributes the high strength to the lack of intermetallics and a dynamic hardening effect during 
the welding process.  A dynamic hardening effect increases the strength of a material similarly to 
strain hardening.  Fracture analysis revealed a “mainly ductile fracture” [40].  Tantalum is a high-
priced interlayer that would place further restrictions beyond that of autogenous explosive welding 
titanium alloys to stainless steels by increasing the price of each weld. 
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Figure 2.7 General view of composite 9Cr18Ni10Ti – BrB2 – TVCh – VT1-0 [40]. 
 
2.2.3 Brazing 
 Brazing is another joining method that employs an interlayer when making joints.  During 
brazing, an interlayer or filler material is placed between base materials, melted during the heating 
process, and solidified during cooling to form a joint.  No melting of the base materials is involved.  
Diffusion occurs between the filler material and the base materials to create a strong metallurgical 
joint.  Many different filler materials have been studied.  The common materials used as fillers for 
titanium alloys and stainless steels joints include silver based and titanium-based alloys [41-47].  
Shiue et al. used a combination of filler materials [48].  The silver-based filler metals were the 
most common filler reported in literature.  The maximum shear strength reported for joints made 
with silver-based filler material was 188 MPa [41-45].  Copper was an alloying element in the 
filler material, which led to the formation of Cu-Ti intermetallics.  The titanium-based filler 
material produced joints with a maximum shear strength of 107 MPa [46, 47].  Dong et al. 
produced joints that formed Al-Ti, Cu-Ti-O, Fe-V-Zr, and Cr-Ni-Zr intermetallics in a reaction 
layer, seen in Figure 2.8, due to alloying elements from the filler material and the base materials 
[46, 47].  Shiue et al. coated stainless steel base material in chromium by magnetic sputtering.  
Some samples had an additional nickel coating applied.  Silver based filler material was used for 
brazing the coated stainless steel to titanium [48].  The combination of filler material and interlayer 
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prevented the formation of Ti-Fe intermetallics, but the joints still formed Ti-Cu, Ti-Cu-Ni, and 
Ti-Cr intermetallics.  Average shear strengths were 214 MPa for chromium coated joints and 233 
MPa when both a nickel and chromium coating were used [48]. 
 The use of filler material in brazing enables the development of joints without forming 
detrimental Ti-Fe intermetallics, but other brittle intermetallics, such as Cu-Ti intermetallics, are 
formed due to alloying elements in the filler material and/or the base materials. 
 
Figure 2.8 Microstructure of a joint brazed with Ti60Ni22Cu10Zr8 filler metal at 900°C for 10 min 
[47]. 
 
2.2.4  Niobium as an Interlayer 
 Various interlayers have been studied for the purpose of preventing the formation of 
undesired brittle phases, such as intermetallic compounds, while generating a strong metallurgical 
bond with the base materials.  Of the interlayers studied, niobium (Nb) is promising since it does 
not react with titanium.  The phase diagram, Figure 2.9, shows that no secondary phases form 
when titanium and niobium are mixed.  This advantage is lessened by the intermetallics that 
niobium can form with iron, Figure 2.9.  Niobium is a ductile material with a yield strength of 240 
MPa, which is lower than the base materials of this study, but higher than most of the reported 
joint strengths between titanium alloys and stainless steels in literature.  If the joint were to begin 
yielding due to the niobium interlayer, the joint strength would be improved from previous studies.  
14 
Niobium is also a refractory metal with a high melting point of 2457 °C.  This would allow for the 
joints created using it as an interlayer to have a higher operating temperature, which allows for a 
wider range of applications.  Niobium is cheaper than other materials reported in literature to act 
as interlayers for joining titanium alloys to stainless steels.  For instance, tantalum and vanadium 
cost $152 [32] and $81 [33] per kg respectively, whereas niobium costs $42 per kg [49]. 
    
Figure 2.9 ASM Binary Phase Diagram between Nb and Ti (left) and Fe and Nb (right). 
 
2.3 Welding Techniques used in Study 
 This section introduces the welding techniques used in this study.  Vapor foil actuator 
welding generated spot welds without the use of an interlayer.  Seam welds were made with the 
use of a Nb interlayer by mash seam resistance welding. 
2.3.1 Vaporizing Foil Actuator Welding 
 Vaporizing Foil Actuator Welding (VFAW) is a new type of collision welding being 
developed by the Ohio State University (OSU) that is similar to explosive welding [50].  Both 
techniques are a type of collision welding and use kinetic energy to create a bond at high speeds.  
In collision welding, the materials to be joined are designated as the flyer and the target.  The flyer 
is the material being launched by the driving force towards the target material.  The target material 
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is supported from behind, so the kinetic energy is used to create a bond between the materials 
instead of displacing the target material.  VFAW uses pressure generated by vaporizing a thin 
metal foil, in this case aluminum, as the driving force behind moving the flyer material.   
Figure 2.10 shows how the materials for VFAW are set up.  In the image, the standoff sheet 
provides a gap between the flyer and target materials which allows the flyer material to reach the 
velocities needed in order to create a metallurgical bond upon impact.  Not all tests use a standoff 
sheet; some, like the samples for this study, have a section of the target material deformed before 
the test and that gap provides the separation needed for the flyer to accelerate.  
 
Figure 2.10 Schematic diagram of the VFAW fixture[50]. 
 
 Once launched, the flyer uses the standoff distance to accelerate up to 560 m/s [50].  The 
flyer’s initial impact with the target does not create a joint due to an incorrect impact angle, β in 
Figure 2.11.  As the flyer continues along the target, β changes to an angle that will generate a 
bond, between 5° and 20°.  A jet is created due to the energy of the impact and continued movement 
of the flyer material.  The jet moves ahead of the collision point and removes any oxides or surface 
contamination from the weld surface [51].  The welded bond starts with a smooth interface and 
becomes wavy as the bond continues out from the initial impact.  The wave of the interface grow 
as the joining continues, as demonstrated in Figure 2.12.  The welded joint will continue until the 
kinetic energy of the flyer is used up, all the flyer material is bonded, or an obstacle impedes the 
joint creation.  In the samples for this study, the last option occurred.  The wall of the pre-weld 
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deformed area prevented the flyer from continuing the welding process and trapped the jet in the 
corner of the wall.  This trapped jet prevented the flyer from getting into the corner and creating a 
weld there. 
 
Figure 2.11 Schematic diagram of collision welding method [52]. 
 
 
Figure 2.12 Diagram of how the interface of VFAW changes. 
 
 Like explosive welding, VFAW has no external heat added to the process, but does 
generate heat.  This heat should not greatly affect the interface due to the high speed of the welding 
process.  The interface of VFAW samples should, in theory, be similar to the interface of explosive 
welds and form little to no intermetallics between titanium alloys and stainless steels.  Since the 
driving force is coming from vaporizing a foil, VFAW can be used on a smaller scale than 
explosive welding, allowing for smaller welds, and requiring no expertise in explosives.  By 
substituting the explosives with a safer driving force, the VFAW process is a safer process than 
explosive welding. 
2.3.2 Mash Seam Resistance Welding 
 Mash seam resistance welding (MSW) is a type of resistance welding.  The equipment 
needed for MSW is similar to conventional seam welding, including a large resistance welding 
frame and rotating wheel-type electrodes to conduct the current [53].  In MSW, the materials to be 
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joined overlap one another and are placed between the electrodes, as seen in Figure 2.13.  The 
entire overlapped section, which is between 1 and 2 times the sheet thickness, is between the 
electrodes, unlike lap seam resistance welding which has an overlap section that reaches beyond 
the electrodes.  During welding, the electrodes close on the overlapped section and apply heat to 
the materials through resistivity.  While the material is heating, a force is applied to forge the 
materials together.  The wheel-type electrodes are rotated along the material to create a continuous 
weld.  Both the electrodes and the base sheet materials are water cooled to increase the joint’s 
cooling rate. 
 MSW is essentially a heating and forging process [53].  The resulting joint can be compared 
to a butt weld in terms of geometry and is slightly larger but of a similar thickness to the base 
materials.  Optimized MSW shows no sign of melting and is considered a solid-state welding 
method [53].   
 For this study, a niobium interlayer was included in the MSW joint design.  This was to 
prevent the formation of Ti-Fe intermetallics despite the temperatures reached by this method by 
acting as a diffusion barrier. 
 
Figure 2.13 Schematic diagram of the MSW process [54]. 
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CHAPTER 3: EXPERIMENTAL PROCEDURES 
 This chapter describes the materials, parameters, and techniques used in producing and 
testing the joints for this study.  This chapter is divided into three sections.  The first section is the 
sample preparation and mechanical testing of the base materials.  Second is the weld parameters, 
sample preparation, microstructural study, and mechanical testing of the VFAW samples.  Third 
is the weld parameters, sample preparation, microstructural study, and mechanical testing of the 
MSW samples. 
3.1 Base Materials 
 Sheets of Ti 1.2 ASN and 436L stainless steel with thicknesses of 0.86 mm and 1 mm 
respectively were provided by Tenneco.  These materials are the same materials that were sent to 
OSU and Edison Welding Institute (EWI) for generating the joints for this study.  Compositions 
of Ti 1.2 ASN and 436L stainless steel are given in Table 3.1.  Specimens for tensile testing were 
machined from each base material sheet with the geometry presented in Figure 3.1, where t is the 
thickness of the received sheet material.  Tensile testing was performed on an Alliance RT/100 
frame using Testworks software to record time, load, and crosshead displacement.  Tensile tests 
were run with a constant engineering strain rate of 2.22 × 10-4 sec-1 and a data collection rate of 
10 Hz.  The load and displacement data were exported to Microsoft Excel and used to calculate 
engineering stress and engineering strain based on Equation 3.1 and Equation 3.2, where σ is 
engineering stress, F is load, A is the initial cross-sectional area of the sample’s gage,  is 
engineering strain, lf is the final gage length, and li is the initial gage length [55].  The engineering 
stress and engineering strain were then converted to true stress, σt, and true strain, , using 









 Cross-sectional and surface samples of the base materials were hot mounted in bakelite 
using a Leco PR-32 hot mounting press.  The samples were ground using silicon carbide pads of 
240, 320, 4700, 600, 800, and 1200 grits and polished to a 6 μm finish for hardness tests.  Hardness 
tests were conducted on the micro- and nano-scale. 
 Vickers microhardness tests were conducted on a LECO MHT 220 hardness tester using a 
load of 50 g and a hold time of 10 sec.  The distance between each indent was at least 3 times the 




Figure 3.1 Tensile Sample Geometry Base Material and MSW Samples, t is the thickness of the 
sheet material. 
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was calculated in HV using Equation 3.5 [55], where F is the load in kgf and d is the average of 
the indent’s two diagonals. 
Equation 3.5 
 Nanohardness tests were conducted on a Hysitron Ti 950 TriboIndenter using Triboscan 
software to analyze the indents.  Each cross-sectional base material sample had indents arranged 
in a 4 x 5 grid with 15 μm between them.  The surface samples had 30 indents taken in groups of 
5 from various locations.  A conical indenter with 1 μm tip diameter was used during testing which 
produced circular indents.  The indents were created by applying a constant loading rate of 1000 
μN sec-1 for 10 sec, held at a maximum load of 10,000 μN for 5 sec, and unloaded at the loading 
rate for 10 sec.  The Triboscan software converted the load and depth data into hardness values 
with GPa units.  GPa units were converted to HV for comparison purposes by Equation 3.6 [56]. 
Equation 3.6 
3.2 Vaporizing Foil Actuator Welds 
 VFAW joints were produced using 436L stainless steel and Ti 1.2 ASN sheet with 
thicknesses of 1 mm and 0.86 mm respectively.  The 436L stainless steel portion of the samples 
was deformed to create a standoff distance for the weld.  The deformed area was circular with an 
inner diameter of 12 mm, outer diameter of 18 mm, and a depth 2 mm, as seen in Figure 3.2.  OSU 
provided samples in three batches henceforth referred to as Batch 1, Batch 2, and Batch 3 with 
geometry seen in Figure 3.3.  The parameters for creating each batch is listed in Table 3.2.   
 
Figure 3.2 VFAW Sample Cross-sectional Geometry. 
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Figure 3.3 VFAW Sample Geometry. 
 
Table 3.2: Vaporizing Foil Actuator Welding Parameters. 
 
 Samples of the welded cross section were machined from the larger specimen and mounted 
in a cold mounting mixture of epoxy for imaging and hardness tests.  This mixture was comprised 
of 5 parts epoxy resin to 2 parts of epoxy hardener.  Each sample was placed at the bottom of a 
cylindrical mount mold with an inner diameter of 32 mm and filled with the cold mounting 
mixture.  The mounts were placed in a degassing chamber and left to harden overnight.  After full 
solidification, the mounted samples were ground using silicon carbide pads of 240, 320, 400, 600, 
800, and 1200 grits.  Samples were then polished using a 6 μm diamond suspension on a silk pad 
with a force of 5 lbf for 4 minutes.  After polishing, samples were put on a Vibromet using a 0.04 
μm suspension on an Imperial cloth for one hour.  Between each step and after the Vibromet, the 
samples were washed with soap, rinsed with DI water and methanol, and dried using a heat gun. 
 Optical micrographs (LOM) were recorded using an Olympus PMG-3 microscope fitted 
with a PAXcam with Pax-It version 7.8.1.0 image capture and analysis software. 
 A FEI Quanta 600i environmental scanning electron microscope (ESEM) with Quanta xT 
operating software was used to examine the interfaces of Batch 2 and Batch 3 samples.  Energy 
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dispersive spectroscopy (EDS) with EDAX 6.5.1 software was used to perform compositional 
analysis in two forms, mapping and spot scans.  EDS mapping was performed to visualize the 
diffusion of elements throughout the joints.  Elemental maps of each alloying element were 
gathered using the EDAX 6.5.1 software over 32 complete frames with a dwell time of 200 
microseconds.  EDS spot scans identify the composition of a specific location in atomic 
percentages.  Each spot scan ran for 30 seconds at a given location and was analyzed by the EDAX 
6.5.1 software. 
 Vickers microhardness tests were conducted on a LECO LM-110 AT auto Vickers 
indenter.  The Batch 1 sample had indents arranged in three 10 x 10 grids.  Each grid focused on 
a different region of the interface.  The Batch 3 sample had indents in a 10 x 15 grid.  All grids 
had 100 μm between each indent.  The indent grids were centered over the interfaces so data from 
both sides of the interface was gathered.  Indents were made with a load of 50 g and held for 10 
sec. 
 Nanohardness tests were conducted on a Hysitron Ti 950 TriboIndenter using Triboscan 
software to analyze the indents.  A three sided pyramid Berkovich indenter was used during testing 
which produced triangle shaped indents.  The Batch 1 and Batch 3 samples each had a grid of 10 
x 10 indents with 15 μm between them.  The indent grids crossed over an interface so data from 
both sides of the interface was gathered.  The indents were created by applying a constant loading 
rate of 1000 μN sec-1 for 10 sec, held at a maximum load of 10,000 μN for 5 sec, and unloaded at 
the loading rate.  The Triboscan software converted the load and depth data into hardness values 
with GPa units.  GPa units were converted to HV for comparison purposes by Equation 3.6. 
 Tensile tests of the VFAW welds were performed on the Alliance RT/100 frame mentioned 
above and an MTS hydraulic frame using Testworks and TestStar II software respectively.  Batch 
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1 was tested on the Alliance RT/100 frame.  Batch 2 and Batch 3 were tested on the MTS hydraulic 
frame.  Both frames were run with a constant strain rate of 2.22 × 10-4 sec-1 and a data collection 
rate of 10 Hz.  Batches 1 and 2 had 13 mm holes, called grip holes, punched into them in order to 
test the samples on the Alliance frame.  The grip holes were removed from the sample design after 
failure at that location during part of Batch 2.  Testing was moved to the MTS frame for use of its 
hydraulic grip instead of using the grip holes.  The load was applied to each sample as shown in 
Figure 3.4  Maximum load data was used to calculate shear strength by Equation 3.7 [57], where 
τ is the shear stress, F is the applied force, i is the number of spot welds and is equal to 1 in this 
study, and d is the spot weld diameter. 
 
Figure 3.4 Cross-sectional Diagram of VFAW tensile test. 
 
Equation 3.7 
 A digital image correlation (DIC) method was used during tensile testing and allowed for 
in-situ monitoring of strain partitioning across the dissimilar joint.  For DIC, a speckled pattern, 
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such as the one in Figure 3.5, was added to the tensile sample, in this case by using black and white 
spray paint.  The white spray created a uniform background and the black spray paint was used to 
generate the speckled pattern.  The ideal pattern has speckles with slight variations of diameter 
over the desired area.  The speckles need to be small and separated enough that roughly 3 to 5 
speckles can be detected per pixel by the DIC camera.  A LowelPro light and polarizing light filter 
were included in the equipment setup to increase the contrast of the DIC pattern.  Images of the 
pattern were taken during testing using TQS Snap software and analyzed by Aramis software.  DIC 
images were taken every 15 seconds during the tests with a shutter time of 143 msec.  Aramis uses 
the speckled pattern from the images to track deformation in the joints and correlates that to strains 
at each location. 
 
Figure 3.5 Image of macro DIC speckle pattern sprayed on a VFAW sample. 
 
3.3 Mash Seam Welds 
 MSW welds were produced using 436L stainless steel sheet, Ti 1.2 ASN sheet, and Nb foil 
as an interlayer.  The original thicknesses were 1 mm, 0.86 mm, and 0.1 mm, respectively. The 
436L stainless steel sheet overlapped the Ti 1.2 ASN sheet by 3 mm with the Nb foil between 
them, as shown in Figure 3.6a.  The 436L stainless steel edge was chamfered with a 15° angle to 
improve plastic deformation during welding.  The electrodes and the plates were water cooled 
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during the welding process.  A continuous AC waveform and 8000 N weld force were used to 
create the MSW welds.  The other parameters used for producing the MSW welds are given in 
Table 3.3.  The final joint thickness was 1.3 mm, as shown in Figure 3.6b. 
  
 
Figure 3.6 Mash Seam Weld setup before (a) and after (b) weld. 
 
Table 3.3 Mash Seam Welding Parameters. 
 
 Weld cross sections were cold mounted and polished as described in Section 3.2.  Samples 
from Plate 1 and Plate 3 were polished for optical micrographs on a Vibromet using a mixture of 
colloidal silica and hydrogen peroxide for one hour to mechanically etch the Ti 1.2 ASN side of 
the weld.  After cleaning, the samples were etched using Kroll’s Reagent for 90 sec.  DI water and 
isopropanol were used to clean the etchant from the samples.  LOM images were recorded using 
the equipment previously mentioned. 
 An ESEM was used to examine interfaces from Plate 2 and Plate 3.  EDS with EDAX 6.5.1 
software was used to perform compositional analysis in two forms, mapping and spot scans.  EDS 
mapping was performed to visualize the diffusion of elements throughout the joints.  Elemental 
maps of each element present were gathered using the EDAX 6.5.1 software over 32 complete 
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frames with a dwell time of 200 microseconds.  EDS spot scans identify the composition of a 
specific location in atomic percentages.  Each spot scan ran for 30 seconds at a given location and 
was analyzed by the EDAX 6.5.1 software. 
 Vickers microhardness tests were conducted on a LECO LM-110 AT auto Vickers 
indenter.  A sample from Plate 1 had indents arranged in a 10 x 10 grid with 100 μm between 
each indent.  The indent grids were centered over the interfaces so data from both sides of the 
interface was gathered.  Indents were made with a load of 50 g and held for 10 sec. 
 Nanohardness tests were conducted on a Hysitron Ti 950 TriboIndenter using Triboscan 
software to analysis the indents.  A three sided pyramid Berkovich indenter was used during testing 
which produced triangle shaped indents.  A sample from Plate 3 had indents arranged in 6 x 7 grids 
with 15 μm between them.  The indent grids crossed over an interface so data from both sides of 
the interface was gathered.  The indents were created by applying a constant loading rate of 1000 
μN sec-1 for 10 sec, held at a maximum load of 10,000 μN for 5 sec, and unloaded at the loading 
rate.  The Triboscan software converted the load and depth data into hardness values with GPa 
units.  GPa units were converted to HV for comparison purposes by Equation 3.6. 
 Tensile samples from Plate 2 and Plate 3 were machined by Auburn Tools in Golden, CO 
using the geometry given in Figure 3.1.  The thickness of the tensile sample is not constant, as 
shown in Figure 3.6b, i.e., 1 mm thick in the stainless steel base material, 0.8 mm thick in the Ti 
1.2 ASN base material, and 1.3 mm thick in the MSW joint.  Tensile testing was performed on the 
Alliance RT/100 frame mentioned above with the same parameters.  The load and displacement 
data were exported to Microsoft Excel and used to calculate stress-strain curves. 
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 DIC was performed on the joints during tensile testing.  DIC allows the in-situ monitoring 
of strain partitioning across the joint during tensile test.  As described above, a speckle pattern was 
added to the tensile samples on the cross section of the weld and a LowelPro light and polarizing 
light filter were setup to increase the contrast of the DIC pattern.  Images of the pattern were taken 
during testing using TQS Snap software every 30 seconds with a shutter time of 50 msec.  Aramis 
software analyzed the images of the speckled patterns to track deformation in the joints and 
correlated that to strain at each location. 
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CHAPTER 4: BASE MATERIALS 
 This chapter covers the microstructure and mechanical properties of the base materials, Ti 
1.2 ASN and 436L stainless steel. 
4.1 Base Material Microstructure 
 436L is a ferritic stainless steel with high corrosion resistance and excellent formability 
[58].  Ti 1.2 ASN is an alpha titanium alloy.  Calculated phase diagrams, such as Figure 4.1, show 
the transition from alpha phase to beta begins near 860 °C [59].  This means the Ti 1.2 ASN in the 
VFAW samples should remain in the alpha phase.  The MSW samples may have the beta phase as 
MSW can reach temperatures of 1200 °C [53]. 
 
Figure 4.1 Phase diagrams calculated for Ti 1.2 ASN [59]. 
 
4.1.1 Microhardness 
 Microhardness was collected from both base materials by a series of 10 indents using a 
Vickers indenter.  The diagonals of the Vickers indents were measured and averaged together to 
input into Equation 3.5 for Vickers hardness calculations in HV.  Indents were taken on the cross 
section and the surface of each material.  The base material cross section was tested for a 
comparable material to the welded cross sections.  The surface was tested for anisotropy due to 
the material’s nature or processing done to the materials.  The microhardness of the Ti 1.2 ASN 
base material cross section averaged a hardness of 205 ± 5.8 HV.  The Ti 1.2 ASN base material 
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surface averaged 219 ± 7.2 HV.  The 436L stainless steel base material had a cross-sectional 
hardness average of 193 ± 7.6 HV and a surface hardness average of 217 ± 7.6 HV.  The Ti 1.2ASN 
showed nearly a 14 HV difference in average microhardness between the surface and the cross-
sectional samples.  The 436L stainless steel showed a difference of 25 HV between the cross-
sectional and surface microhardness values.  These differences could be due to natural anisotropy 
of the materials, anisotropy introduced during material processing such as rolling, or a combination 
thereof.   
4.1.2 Nanohardness  
 Nanohardness was also collected using the conical indenter on the cross section and surface 
of both base materials for the same reasons as stated above.  Nanohardness can be used to predict 
mechanical properties. Data on the base materials was collected to validate prediction methods 
currently under development by another student.  The same indent pattern was used for 
nanohardness testing in Ti 1.2 ASN and 436L stainless steel samples.  The cross-sectional samples 
had indents arranged in a 4 x 5 grid as seen in Figure 4.2.  The surface samples had 30 indents 
which were in 6 rows of 5 indents with each row in a different area.  This was done to ensure the 
surface measurements came from more than one grain.  The Ti 1.2 ASN base material had a cross-
sectional nanohardness average of 2.18 GPa which converts to 223 HV and a surface nanohardness 
average of 3.33 GPa which is 340 HV.  The 436L stainless steel base material had a cross-sectional 
nanohardness average of 2.16 GPa which converts to 220 HV.  The surface nanohardness average 
was 3.66 GPa which converts to 373 HV.   
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Figure 4.2 Nano indents of the cross section of Ti 1.2 ASN (a) and 436L stainless steel (b). 
 
 The nanohardness data does not match the microhardness data even after converting from 
GPa to HV due to an indentation size effect [60].  Figure 4.3 is a graphical form of how indention 
depth effects hardness on the same material.  The x-axis is the inverse of the indentation depth so 
depths that correspond to microhardness would be nearer to zero on the axis and depths 
corresponding to nanohardness would be nearer to 0.035 [60]. 
 Both materials display a wider hardness range in nanohardness than in microhardness.  
Both materials also recorded a higher nanohardness on the surface samples, whereas the 
microhardness had the surface as the softer of the samples.  The microhardness data serves as a 
more representative data set compared to the nanohardness as it tested a larger number of grains.  
The surface nanohardness data is from six grains and the cross-sectional nanohardness may be 
from one or two grains.  Given the size difference of the indentation techniques, microhardness 
gathers hardness data from many grains. 
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Figure 4.3 Hardness vs. inverse of indentation depth [60]. 
 
4.2 Mechanical Testing Results 
4.2.1 Tensile Behavior 
 Tensile samples were machined from the Ti 1.2 ASN and 436L stainless steel base 
materials with thicknesses of 0.86 mm and 1 mm respectively.  Load and displacement data were 
converted to both engineering and true stress and strain information using Equation 3.1-3.4.  The 
tensile results are in Table 4.1.  Testing of the Ti 1.2 ASN resulted in a yield point of 370 MPa and 
an ultimate tensile strength (UTS) of 417 MPa.  Figure 4.4 is the engineering stress-strain and the 
true stress-strain curves produced by Ti 1.2 ASN tensile tests.  The 436L stainless steel base 
material resulted in a yield point of 350 MPa and a UTS of 456 MPa.  Figure 4.5 is the engineering 
stress-strain and true stress-strain curves for the 436L stainless steel base material.  Both Figure 
4.4 and Figure 4.5 have multiple lines showing the repeated testing done on the materials.  The Ti 
1.2 ASN had more ductility than the 436L stainless steel. 
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Figure 4.4 Engineering and True stress-strain curves of Ti 1.2 ASN base material. 
 
 
Figure 4.5 Engineering and True stress-strain curves of 436L stainless steel base material. 
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CHAPTER 5: VAPORIZING FOIL ACTUATIOR WELDING 
 This chapter present the findings of experiments completed on VFAW samples.  The 
results of the microstructural study are discussed first.  Second is the results of the mechanical 
testing.  The VFAW spot weld samples were produced by OSU and received by Colorado School 
of Mines (CSM) for characterization. 
5.1 Microstructural Study 
 This section presents the results of the microstructural analysis of the VFAW joints 
including LOM and EDS images and hardness distribution. 
5.1.1 Optical Micrographs 
 The spot welds were contained within the pre-weld deformation created on the 436L 
stainless steel.  VFAW tends to create a donut shaped welded area, leaving the initial impact zone 
unwelded.  The initial impact zone was where the Ti 1.2 ASN flyer initially met the 436L stainless 
steel target material and was located near the center of deformed area.  The initial impact zone had 
an area of 6.38 mm2 on the Batch 2 sample with a charge energy of 2.2 kJ and 9.85 mm2 on the 
Batch 3 sample with a charge energy of 2.4 kJ given in Figure 5.1.  The welded area is around the 
initial impact zone and continues until near the edge of the inner diameter of the deformed area.  
The weld does not cover the entire inner diameter due to the jet produced during the welding 
process.  The jet is trapped by the lip of the pre-weld deformed circle, creating a ring of unwelded 
material, shown in Figure 5.1 as a hollow white circle.  The trapped jet zone has a width of 0.5 
mm.  Both the initial impact zone and the trapped jet zone have the potential to act as stress 
concentrators during mechanical testing.  Removing the width and diameter of the unwelded areas 
from the original 12 mm diameter gives welded areas with a diameter of 9.87 mm for Batch 2 and 
8.53 mm for Batch 3. 
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Figure 5.1 Geometry of welded areas of Sample 4 from Batch 3. 
 
5.1.2 Elemental Mapping 
 Using the ESEM, the cross-sectional sample from Batch 2 with a lower input energy was 
studied by using EDS on the boxed region of Figure 5.2.  Figure 5.3 is an ESEM image and 
elemental maps of a portion of the weld interface that contains small waves and a large wave of 
the weld interface.  The small waves are from the portion of the weld interface nearer to the initial 
impact zone.  The large wave indicates this portion is in the outer region of the welded interface 
as the waves grow larger later in the welding process.  Figure 5.3 shows there is no significant 
interdiffusion and suggests that no large intermetallics were formed throughout most of shown 
interface.  The area around the large wave within the yellow rectangle has a region where the 
elements appear to be mixed.  Figure 5.4 focuses on this area.  The circled region on Figure 5.4 
shows the presence of an interdiffusion region that is rich in Cr, Fe, and Ti next to the large wave.  
Note that it has been reported that the intermetallic formations were found in explosive welding 
that resulted from localized melting during joint creation [29]. 
 
Figure 5.2 Region where EDS mapping was performed in Figure 5.3 is within the orange rectangle.  
This diagram does not show the interface morphology or the EDS area to scale. 
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Figure 5.3 Image and EDS elemental maps of Cr, Fe, and Ti from the interface of Batch 2 sample. 
    
    
Figure 5.4 Image and EDS elemental maps of Cr, Fe, and Ti from a large wave on the interface of 
Batch 2 sample within the yellow rectangle in Figure 5.3. 
 
 The cross-sectional sample from Batch 3 with a higher energy was studied using EDS and 
focusing on an area of high hardness next to a large wave.  Figure 5.5 is the EDS maps of Cr, Fe, 
and Ti of the interface of a Batch 3 sample given in Figure 5.6.  These maps indicate that there is 
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a region of mixing between the 436L stainless steel and Ti 1.2 ASN at the interface.  It is not a 
continuous region and appears to form next to the larger waves of the interface. 
 
Figure 5.5 EDS elemental maps of Cr, Fe, and Ti from interface of Batch 3 sample. 
 
 
Figure 5.6 Spot EDS locations on interface of Batch 3 sample, compositions are listed in Table 
5.1. 
 
 Spot EDS was run in and around the mixed region to determine compositional changes 
near this region.  Spots 1-4 are in the mixed region.  Spots 5-7 are in the Ti 1.2 ASN side of the 
weld.  Spots 8-10 are in the 436L stainless steel side of the weld.  The range of compositions given 
by EDS are presented in Table 5.1 with detailed results available in APPENDIX A: EDS SPOT 
ANALYSIS.  The analysis on either side of the weld resulted in compositions consistent with the base 
materials.  The composition of the mixed region falls within the outlined circles on the ternary 
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phase diagram at 1000°C of Cr, Fe, and Ti, and the liquidus projection diagram in Figure 5.7, 
which indicates a mixture of TiCr2, TiFe2, and TiFe intermetallics.  These intermetallics could 
form as the welding temperature approaches up to 1500 °C locally. 
Table 5.1: Range of Atomic Compositions of VFAW EDS Spot Analysis. 
 
 
Figure 5.7 Cr-Fe-Ti Ternary Phase Diagram and Projected Liquidus Diagram with composition 
range of the mixed region circled. 
 
5.1.3 Microhardness 
 Microhardness was collected across the interfaces of Batch 1 and Batch 3 samples using a 
Vickers indenter.  The Batch 1 sample had three grids of indents tested along the cross-sectional 
interface.  The grid locations can be seen in Figure 5.8.  Grid A was in the small wave region of 
the weld interface shown in Figure 2.12.  Grid B was in the large wave region of the weld interface 
shown in Figure 2.12.  Grid C was near the trapped jet. Results from Grid A are shown in Figure 
5.9.   
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According to Grid A, the 436L stainless steel away from the interface ranges from 235 HV 
to 262 HV.  The row nearest the weld interface on the 436L stainless steel side had the highest 
average hardness of that side of the weld at 251.4 HV.  The Ti 1.2 ASN away from the interface 
ranges from 224 HV to 267 HV.  The average hardness for each row in the Ti 1.2 ASN material 
increases as approaching the interface, which could represent the amount of deformation 
introduced into the flyer material during the welding process.  The hardness values for the row of 
indents nearly on the weld interface ranges from 231 HV to 338 HV.   
Hardness results from Grid B are given in Figure 5.10.  The hardness for the 436L stainless 
steel in Grid B ranges between 224 HV and 262 HV.  The Ti 1.2 ASN hardness ranges from 223 
HV to 265 HV.  Rows nearest to the interface on both the 436L stainless steel and Ti 1.2 ASN 
sides of the interface have slightly higher average hardness for each respective side.  The weld 
interface on Grid B has hardness ranging between 267 HV and 338 HV.  The highest hardness 
values are located next to the waves of the interface.   
Hardness results from Grid C are given in Figure 5.11.  Grid C has the hardness of 436L 
stainless steel ranging from 229 HV to 260 HV.  The hardness of Ti 1.2 ASN ranges from 205 HV 
to 256 HV.  The row of indents along the weld interface measure hardness ranging from 219 HV 
to 743 HV.  Nearly every hardness value taken from Batch 1 is higher than the base material 
measurements, which is most likely caused by the deformation energy associated with the welding 
process.   
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Figure 5.8 Microhardness grid locations on Batch 1 sample. 
   
Figure 5.9 Vickers microhardness indents (left) and their corresponding hardness values (right) of 
Grid A from Batch 1. 
   
Figure 5.10 Vickers microhardness indents (left) and their corresponding hardness values (right) 
of Grid B from Batch 1. 
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Figure 5.11 Vickers microhardness indents (left) and their corresponding hardness values (right) 
of Grid C from Batch 1. 
 
 Measurements from the Batch 3 sample came from one 10 x 15 grid in a similar location 
to Grid B.  Figure 5.12 shows the location of the microhardness indent grid on the Batch 3 sample 
and detailed hardness values and indent locations are shown in Figure 5.13.  The measurements 
away from the joint show Ti 1.2 ASN having hardness values between 205 and 238 HV and 436L 
stainless steel between 227 and 252 HV.  As in the Batch 1 sample, the hardness increases as the 
indents get closer to the interface.  Batch 3 microhardness results show the hardness at the interface 
varies from 285 HV to 773 HV.  In comparison to Batch 1 with lower energy input, Batch 3 with 
higher energy input produced a higher area fraction of high hardness regions, indicating more 
extensive amount of intermetallics forming at the interface.  The 773 HV corresponds to the indent 
seen in Figure 5.6 and is where EDS was taken.   
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Figure 5.12 Microhardness grid location on Batch 3 sample. 
    
Figure 5.13 Vickers microhardness indents (left) and their corresponding hardness values (right) 
from Batch 3. 
 
 Microhardness values from the Batch 1 and Batch 3 samples are higher than the 
microhardness values from the base materials.  The Ti 1.2 ASN base material had an average cross-
sectional hardness of 205 ± 5.8 HV and the VFAW samples measured between 205 HV and 267 
HV.  The VFAW Ti 1.2 ASN hardness values increased as they approached the weld interface.  
The 436L stainless steel base material had an average cross-sectional hardness of 193 ± 7.6 HV 
and the VFAW samples measured a range of hardness values from 224 HV to 262 HV.  The high 
hardness in the 436L stainless steel could be due to the deformation from creating the standoff 
distance for the welding procedure and the impact of the flyer material.  The high hardness in the 
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Ti 1.2 ASN is likely due to the deformation it undergoes as the flyer material in the welding process 
and the impact with the target material.   
 The Batch 1 and Batch 3 samples show areas of high hardness at the interface. Comparing 
the locations of the high hardness indents with the EDS data discussed in Section 5.1.2 leads to 
the conclusion that the intermetallics that formed behind the waves of the weld interface are the 
source of the high hardness.  Intermetallics with high hardness are often brittle and detrimental to 
joint strength.  Hardness mapping and EDS agree that the intermetallics formed are isolated 
formations and not a continuous layer.  This allows the joint to have a higher strength than if the 
intermetallics were in a continuous layer along the interface.  The high energy input sample (Batch 
3) had more indents of high hardness at the interface than the lower energy input sample (Batch 
1).  The higher input energy of Batch 3 led to the formation of more large waves and isolated 
intermetallics along the interface. 
5.1.4 Nanohardness 
 Nanohardness data was collected from Batch 1 and Batch 3 samples.  Both samples employ 
a 10 x 10 grid of indents that crossed the weld interface.  The spacing between each indent is 15 
μm.  The Batch 1 sample, Figure 5.14, had Ti 1.2 ASN hardness ranging from 2.70 GPa to 4.24 
GPa which converts to between 275 HV and 432 HV.  The 436L stainless steel nanohardness 
ranges from 2.63 GPa to 5.57 GPa which converts to 268 HV and 568 HV, respectively.  The 
highest hardness values are located at the indents circled in white, all of which are near the weld 
interface.  It is believed that these indents are in intermetallic regions seen in EDS measurements 
from Section 5.1.2.   
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Figure 5.14 Nanoindents of the Batch 1 interface (left) and corresponding nanohardness values 
(right). The red line is the weld interface.  The indents circled in white measured the highest 
hardness. 
 
 Figure 5.15 shows the nanohardness results from the Batch 3 sample.  The Batch 3 sample 
had Ti 1.2 ASN nanohardness values ranging from 3.21 GPa to 4.52 GPa.  This corresponds to a 
range of 327 HV and 461 HV.  Indents 4G and 4H, which are on row 4 and columns G and H 
respectively, show lower nanohardness but are in a region where cracking occurred.  The 436L 
stainless steel nanohardness values range between 3.41 GPa and 4.81 GPa which converts to 348 
HV and 490 HV.  The indents circled in white in Figure 5.15 have the highest nanohardness values 
and are in intermetallic regions seen in EDS measurements from Section 5.1.2.   
  
Figure 5.15 Nanoindents of the Batch 3 interface (left) and corresponding nanohardness values 
(right).  The indents circled in white measured the highest hardness. 
44 
 Both Batch 1 and Batch 3 show increasing of hardness nearer to the interface (less than 0.2 
GPa).  This may be due to the impact of the welding process refining grain sizes by 
recrystallization.  The Batch 3 sample has more uniform hardness values and thus would lead to a 
better prediction of mechanical properties. 
5.2 Mechanical Testing Results  
 This section presents the results of mechanical testing on the VFAW samples.   
5.2.1 Tensile Behavior 
 Four samples from Batch 1 and Batch 2 each and five samples from Batch 3 were tested 
for maximum load capacity and shear strength was calculated from that data.  Table 5.6 on page 
48 contains the data for the samples that reached the highest load for the different failure types of 
each batch.  Sample 3 from Batch 1 resulted in a maximum load of 6,655 N.  The shear strength 
was not calculated due to the small weld area discussed below.  Each sample in Batch 1 failed 
along the interface of the spot welds.  This type of failure is designated as Mode B failure, whereas 
Mode A failure is designated as a fracture through the base material near the weld.  Figure 5.16 
shows how these different failure modes look when viewing a welded cross section.  Batch 1 
samples produced no cracks other than the interface failure.  Table 5.2 is the visual representation 
of strain from the Batch 1 in-situ DIC testing on the tensile tests.  The 436L stainless steel DIC 
results are from Sample 3 of Batch 1.  The Ti 1.2 ASN DIC results are from Sample 2 of Batch 1.  
These DIC results show a concentration of strain on the lower lip of the weld on the 436L stainless 
steel side and on the upper lip of the weld on the Ti 1.2 ASN side.  The fracture surface, Figure 
5.17, shows that only a small area around the initial impact was welded together.  This resulted in 
low maximum load values.  This was caused by the plate misalignment during the welding process 
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setup.  Therefore, in the following batches, careful alignment was performed in Batch 2 and 3 to 
ensure a good weld quality. 
 
Figure 5.16 Failure Mode Types image provided by University of Michigan. 
 




Figure 5.17 Fracture surface of Batch 1 sample. 
 
 The Batch 2 samples were tested on the MTS hydraulic frame.  Sample 3 produced a 
maximum load of 11,853 N.  These samples failed by Mode A. Note that Batch 1 and Batch 2 had 
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the same welding parameters.  Table 5.3 shows the DIC results from the 436L stainless steel side 
of Sample 3 and the Ti 1.2 ASN side of Sample 4 from Batch 2.  The DIC results given in Table 
5.3 show strain concentrates around the lips of the weld with the highest concentrations in the same 
locations as the Batch 1 DIC results, Table 5.2.  Using Equation 3.7 with a diameter of 9.86 mm, 
Batch 2 had a maximum shear strength of 155 MPa.  In comparison to Batch 1, Batch 2 had factures 
initiating on the surfaces of both the Ti 1.2 ASN flyer and 436L stainless steel, as shown in Table 
5.3 at a load of 11,853N with a facture Mode A.  
Table 5.3 Batch 2 DIC results for the 436L SS and Ti 1.2 ASN sides of tensile samples during 
testing. 
 
 Batch 3 tensile tests resulted in Mode A and Mode B failures in different samples.  Samples 
2, 3, and 5 failed by Mode A, while Samples 1 and 4 failed by Mode B.  A welded diameter of 
8.53 mm was used to calculate shear strength and the unwelded area was taken out from the 
calculation.  Sample 1 with Mode B failure had a maximum load of 12,514 N and a maximum 
shear strength of 219 MPa.  Sample 5 with Mode A failure had a maximum load of 12,960 N and 
a maximum shear strength of 227 MPa.  The Mode A failures occurred by pulling the Ti 1.2 ASN 
material out from the spot welded region, as seen in Figure 5.18.  Both failure modes showed 
deformation that appeared to straighten the samples, similar to Batch 2.  Samples with Mode A 
failure also had significant deformation in the Ti 1.2 ASN base material that occurred during 
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material pull out.  As the strains accumulate, some of the sprayed dots may become too far apart 
or the paint may start to peel, leading to more and more missing data points on the calculated strain 
map in DIC analysis.  The DIC results show that both failure modes underwent similar strain 
concentrations on the weld lips as the earlier batches, as seen in Table 5.4 and Table 5.5.  Table 
5.4 has the DIC results from the 436L stainless steel side of Sample 3 and the Ti 1.2 ASN side of 
Sample 5 from Batch 3.  Table 5.5 contains the DIC results from the 436L stainless steel side of 
Sample 1 and the Ti 1.2 ASN side of Sample 4 from Batch 3. 
 
Figure 5.18 Mode A fracture on Sample 2 from Batch 3. 
 
Table 5.4 Batch 3 DIC results for the 436L SS and Ti 1.2 ASN sides of tensile samples that 
failed by Mode A failure during testing. 
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Table 5.5 Batch 3 DIC results for the 436L SS and Ti 1.2 ASN sides of tensile samples that 
failed by Mode B failure during testing. 
 
Table 5.6 Summary of Maximum Strengths. 
 
5.2.2 Fracture Analysis 
 OSU analyzed fracture surfaces on VFAW samples that failed by Mode A and found the 
fracture surfaces contained cleavage, quasi-cleavage, and micro-dimples as seen in Figure 5.19.  
Fracture initiated in the cleavage region, propagated through the quasi-cleavage region, and 
terminated with microvoid coalescence [61].  Based on similar graphs in this work, the change in 
fracture mode can be identified in the load-displacement curve from tensile testing of Sample 1 of 
Batch 3 seen in Figure 5.20 [61].  Zone 1 demonstrates the brittle failure that produced the cleavage 
region.  Zone 2 is quasi-ductile failure that resulted in the quasi-cleavage region.  Zone 3 is the 
ductile failure that generated microvoids [61].  Fracture began at the trapped jet zone of the 
interface in line with the load direction due to stress concentrations.  The crack followed along the 
weld interface until it reached the large wave region.  Further crack propagation along the weld 
interface was prevented due to the large bonded area and mechanical interlocking features of the 
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large wave region.  Instead of propagating along the interface, the crack propagated through the 
Ti 1.2 ASN until it reached the surface.  From there it continued to propagate through the Ti 1.2 
ASN base material surrounding the welded area, resulting in a fracture pattern similar to what is 
shown in Table 5.4. 
 
Figure 5.19 Fracture surface of Ti alloy in pullout failure mode A. (a) Fracture surface with 
different fracture characteristics; (b) Magnified view of region b in (a), showing microvoid 
coalescence [61]. 
 
Figure 5.20 Load-displacement curve for Sample 1 of VFAW Batch 3 showing transitions in 
failure types; brittle (Zone 1), quasi-ductile (Zone 2), and ductile (Zone 3). 
 
5.3 Discussion and Conclusions 
 Batch 1 shows how important good alignment is for the VFAW process.  Any misalignment 
in the setup could result in unsatisfactory joints.  Batch 1 samples were misaligned, resulting in a 
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smaller welded area, seen in Figure 5.17, than later batches.  Later welds with good alignment had 
most of the pre-weld deformation area as the welded area, as seen in Figure 5.1. 
 EDS results showed Batch 2 with the lower input energy had a diffusion of Cr, Fe, and Ti 
next to the large waves of the VFAW weld interface and Batch 3 with the high input energy 
produced intermetallics in similar regions.  Both welds were generated at similar high speeds, 
therefore differing peak temperatures resulting from the differing input energies are most likely 
the reason as to why Batch 3 formed intermetallics whereas Batch 2 showed diffusion.  According 
to the ASM ternary phase diagram between Cr, Fe, and Ti, the intermetallics are a mixture of 
TiCr2, TiFe2, and TiFe intermetallics based on the composition ratios collected by EDS spot 
analysis.  The high hardness of these regions, 773 HV, suggest the presence of hard intermetallics 
that could be detrimental to the joint properties.  The intermetallics form in small pockets due to 
localized melting during the weld formation and potentially play a minor role on the joint strength 
in comparison to a continuous thick layer of intermetallics along the joint interface.  This means 
the joint has a higher strength than if the intermetallics were a continuous layer at the interface. 
 Microhardness values from the Batch 1 and Batch 3 samples were higher than the 
microhardness values from the base materials.  The Ti 1.2 ASN base material had an average cross-
sectional hardness of 218 HV and the VFAW samples measured between 205 HV and 267 HV.  
The majority of the VFAW Ti 1.2 ASN hardness values were above the base material hardness.  
The high hardness in the Ti 1.2 ASN is likely due to the deformation it undergoes as the flyer 
material in the welding process.  The 436L stainless steel base material had an average cross-
sectional hardness of 222 ± 9.8 HV and the VFAW samples measured a range of hardness values 
from 224 HV to 262 HV.  The high hardness in the 436L stainless steel could be due to the 
deformation from creating the standoff distance for the welding procedure.   
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 The Batch 1 and Batch 3 samples show areas of high hardness at the interface. Comparing 
the location of the indents with high hardness with the EDS data discussed in Section 5.1.2 resulted 
in the conclusion that the intermetallics that formed behind the waves of the weld interface are the 
source of the high hardness.   
 The maximum shear strength produced by the VFAW samples was 227 MPa in Batch 3 
with Mode A failure and is higher than brazing (188 MPa) [44] and laser welding literature values 
(150MPa) [14].  The brazing and laser welding literature reported the formation of brittle 
intermetallic layers during the formation of joints.  Friction stir welding produced a maximum 
shear strength of 119 MPa which is also lower than the VFAW results [17].  Brittle Ti-Fe 
intermetallics formed on the stainless steel side of the stir zone.  Reported values for explosive 
welding are similar or above the VFAW results.  The explosive welding that reports intermetallics, 
like the ones seen in the VFAW results, have a similar strength to VFAW at 220 MPa [29].  This 
is likely due to the similarities between explosive welding and VFAW and the similar 
intermetallics that form.  The explosive welding that does not report intermetallics had strengths 
up to 726 MPa [30].  VFAW has fewer intermetallics forming than other joining methods due to 
the collision aspect of the joint creation.  The intermetallics that do form are in small pockets and 
not a continuous layer.  This increases the strength of the joint since there is not a continuous brittle 
layer in the joint. 
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CHAPTER 6: MASH SEAM RESISTANCE WELDING  
 This chapter presents the experimental results on MSW samples. The MSW welded 
samples were produced by EWI and Table 6.1 summarizes the tests that were conducted on each 
welded plate at CSM. The corresponding welding parameters can be found in Table 3.3 on page 
25. Note that Plate 2 and 3 had the same welding parameters. In comparison to Plate 2 and 3, Plate 
1 weld had a relatively lower input energy. 
Table 6.1 Tests Completed on each MSW Plate. 
 
6.1 Microstructural Study 
 This section presents the results of the microstructural study of MSW joints including how 
the welding parameters affect the cross-sectional microstructure.  The microstructural study was 
conducted by analyzing the weld interface through LOM, EDS, and hardness mapping. 
6.1.1 Sampling Locations 
 Microstructural characterization was performed at several cross sections on Plates 1 and 3, 
as marked in Figure 6.1.  Six samples were taken from Plate 1 allowing for the study of the 
consistency of the MSW weld cross section throughout the weld.  The samples were taken 2.5 to 
3 cm apart from each other, as seen in Figure 6.1.  Three samples were taken from Plate 3; two 
samples were from the beginning of the weld and one sample was from the weld termination, as 
shown in Figure 6.1.  These areas were 15 cm apart.  The two samples from the beginning of the 
weld were less than 1 cm apart, as seen in Figure 6.1. 
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Figure 6.1 Sample locations from Plate 1 (left) and Plate 3 (right). 
6.1.2 Optical Micrographs 
 Plate 1 was sectioned as to produce cross sections from various locations along the weld.  
Each cross section can be seen in Figure 6.2.  The etchant revealed that the presence of a reaction 
layer between the Nb and 436L stainless steel base material as seen in Figure 6.3a.  The thicknesses 
of the remaining Nb interlayer and the reaction layer were consistent throughout the Plate 1 
samples based on the examination on the six cross sections, i.e., A-F in Figure 6.2.  The Nb 
interlayer thickness measured between zero, when the interlayer ruptured, and 100 μm. A reaction 
interlayer was observed on the Nb and stainless steel interface with a thickness ranging from 42 
μm to 480 μm.  Cross sections from Sample C and B in Plate 3, Figure 6.4 a and b respectively, 
show the reaction layer can grow to 480 μm with an intact interlayer and the Nb interlayer can 
rupture no longer acting as a diffusion barrier.  
 LOM revealed that the Nb interlayer had no reaction with the Ti 1.2 ASN base material as 
suggested by Figure 6.3b and the binary phase diagram in Figure 2.9.  The reaction layer between 
the Nb interlayer and the 436L stainless steel base material in Figure 6.3a shows columnar grains 
near the Nb and then transitions to a dendritic formation nearer to the 436L stainless steel.  These 
microstructures suggest localized melting and solidification, which will be discussed in detail in 
Section 6.1.3. The thickness of this reaction layer varies between 42 μm on samples from Plate 1 
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and 480 μm on Sample C from Plate 3 as seen in Figure 6.4a.  The interfaces of samples with non-
ruptured and ruptured Nb interlayers were further studied using SEM techniques. 
    
    
    
Figure 6.2 LOM image cross section from Samples A (a), B (b), C (c), D (d), E (e), and F (f) from 
Plate 1. 
    
Figure 6.3 LOM image of the reaction layer on Nb/stainless steel interface (a) and Ti/Nb (b) 
interface of Plate 3. 
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Figure 6.4 LOM image of MSW joints with an intact Nb layer from cross section C (a) and 
ruptured Nb interlayer (b) from cross section B on Plate 3. 
6.1.3 Elemental Mapping 
 Using an ESEM, MSW Samples B and C from Plate 3 were studied using EDS.  Figure 6.5 
has EDS maps of the elements Cr, Fe, and Nb for Sample C from Plate 3 shown in Figure 6.6, 
which is the dendritic region of the Nb/436L stainless steel reaction layer.  Figure 6.5a and Figure 
6.5b suggests little segregation in their respective elements, but when comparing them to Figure 
6.6, both Cr and Fe do show a small amount of segregation into the darker dendritic region.  Figure 
6.5c shows that Nb has significant segregation into the lighter interdendritic region.  The other 
alloying elements of the base materials were mapped, but the results did not suggest segregation. 
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Figure 6.5 EDS elemental maps of Cr, Fe, and Nb from dendritic region of the Nb/stainless steel 
interface of Sample C from Plate 3. 
 
Figure 6.6 Spot EDS locations in dendritic region of the Nb/stainless steel interface of Sample 
C from Plate 3. 
 
 To verify these findings, spot EDS was run on Sample C from Plate 3 at the given locations 
in Figure 6.6.  Spots 1-4 are the lighter interdendritic region.  Spots 5 and 6 are the columnar region 
near the Nb interlayer.  Spots 7-10 are the dark area of the dendritic region.  Spots 11 and 12 are 
the 436L stainless steel base material near the reaction layer.  Table 6.2 contains the range of 
atomic compositions found through EDS analysis.  APPENDIX A: has the EDS results of each 
point.  The carbon content is not realistically near 12%, however light elements such as C are 
difficult to calculate using EDS.  The high calculated carbon content throws off the calculation of 
the other elements since they must add up to 100%.  Therefore, these EDS results can be used for 
comparative purposes but not for exact compositions. 
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Table 6.2 Range of Atomic Compositions of MSW EDS Spot Analysis. 
 
 The columnar grain region in Figure 6.3 and the light interdendritic region in Figure 6.6 
have similar compositions. The main difference between them is the amounts of Fe and Nb.  The 
interdendritic regions have a small increase of Fe and a small decrease of Nb compared to the 
columnar region.  The dark dendritic regions and the 436L stainless steel base next to it have 
similar compositions to each other, the main difference being the Fe and Nb amounts.  The 
dendritic regions have a small decrease in Fe content and a small increase in Nb content compared 
to the 436L stainless steel base.  The compositions of the interdendritic and dendritic regions differ 
in the amounts of Cr, Fe, and Nb.  The lighter interdendritic areas are higher in Nb and the darker 
dendritic regions are higher in Cr and Fe contents.  This agrees with the EDS mapping previously 
discussed.  The Cr, Fe, and Nb contents of each region within the reaction layer was compared to 
the ASM ternary phase diagram for the Cr, Fe, and Nb system.  According to the ternary phase 
diagram, Figure 6.7, a composition with a similar Cr, Fe, and Nb ratios as the EDS point 
measurements would form a solid solution as marked by the outlined circle. 
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Figure 6.7 Cr-Fe-Nb Ternary Phase Diagram. 
 
 Nb diffused into the 436L stainless steel base material and recrystallized to form the 
columnar grains seen in the reaction layer during the MSW welding process. The dendritic 
microstructure present in the reaction layer near the stainless steel side indicates localized melting.  
Note that stainless steel grade 430 has an electrical resistivity of 6 × 10-7 Ωm and is within the 
same alloy series as 436L stainless steel compared to the electrical resistivity of Nb (1.5 × 10-7 
Ωm) [62, 63]. Therefore, a higher local temperature could be generated on the stainless steel side 
near the joint interface, leading to localized melting.  Figure 6.8 is the calculated phase diagram 
between Fe and Nb using ThermoCalc software, with a constant ratio between Fe and Cr.  The 
compositions of the dendritic and interdendritic regions given by EDS analysis match the 
compositions of the solid BCC and liquid phases at the eutectic temperature in Figure 6.8. During 
cooling, the Fe- and Cr- rich dendrites solidified, rejecting the Nb into the remaining liquid which 
then solidified into the Nb rich interdendritic region.  The dendrites near the 436L stainless steel 
are observed to be slightly larger than the dendrites near the columnar grains in Figure 6.6.  The 
higher local temperature in the 436L stainless steel resulted in the larger grains.  
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Figure 6.8 Calculated Fe-Nb Phase Diagram with a constant ratio of Cr and Fe. 
 
 EDS mapping was also completed on Sample B from Plate 3 which had a ruptured Nb 
interlayer.  Figure 6.9 has a backscatter image and EDS maps of the elements Cr, Fe, Nb, and Ti 
for Sample B of Plate 3.  The EDS maps suggest that zones with varying compositions are formed 
during the solidification of melted material.  Figure 6.9b is a compilation of the EDS maps taken 
of Figure 6.9a which allows the zones to be identified.  The ruptured Nb interlayer led to the 
reaction between the two base materials, and the peak temperature that was reached during MSW 
was well above the Fe-Ti eutectic temperature (1078C).  Therefore, a significant amount of 
intermetallics formed in Zone 1 as shown in Figure 6.9b.  Zone 1 is comprised of mostly Fe and 
Cr with small amounts of Nb and Ti from the Ti 1.2 ASN base material and the Nb interlayer.  
Surrounding Zone 1 on the Ti 1.2 ASN side of the Nb interlayer is a thinner region, Zone 2, which 
appears to have a mixture of Cr, Fe, and Ti with small amounts of Nb.  On the 436L stainless steel 
side of the Nb interlayer, there are columns of high Nb concentration, Zone 3.  The columns have 
lower amounts of Cr and Fe compared to Zone 1 and a small amount of Ti.  Other alloying elements 





Figure 6.9 SEM image (a) and EDS elemental maps (b-f) of Cr, Fe, Nb, and Ti from ruptured 
Nb interlayer from Sample B of Plate 3. 
 
6.1.4 Microhardness 
 Microhardness was collected across the interface of Sample E from Plate 1 using a Vickers 
indenter.  Microhardness results for each indent can be found in Figure 6.10.  The 436L stainless 
steel has a hardness that ranges from 168 HV to 187 HV.  The Ti 1.2 ASN hardness values range 
from 155 HV to 208 HV.  The indents in the Nb interlayer measure hardness from 104 HV to 109 
HV.  Indents, circled in white, near the Nb interlayer on the 436L stainless steel side revealed a 
hard region.  Given the results from the microstructural study, this hard region correlates to the 
reaction layer between the 436L stainless steel and the Nb interlayer.  The hardness of this reaction 
layer ranges from 309 HV to 516 HV.  The high hardness of the reaction layer leads to the 
assumption that it is more brittle than the surrounding material.  The reaction layer is continuous 
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and should affect the joint strength in a negative manner.  Wang et al. suggests that the tensile 
strength of a joint is inversely related to the average hardness of the interfacial compound layer 
[34].   
    
Figure 6.10 Vickers microhardness indents (left) and their corresponding hardness values (right) 
from Sample E of Plate 1.  Indents circled in white have increased hardness. 
 
6.1.5 Nanohardness 
 Nanohardness was collected across the Ti/Nb and the Nb/ 436L stainless steel interfaces.  
Both interfaces had a 6 x 7 grid of indents with 15 μm spacing between each indent.  The indents 
on the Ti/Nb interface, Figure 6.11, were created beginning with indent 1A, continuing across row 
1, begin again at 2A, etc. to indent 7F.  The Ti 1.2 ASN row with the highest average hardness is 
row 5 with 3.24 GPa which converts to 330 HV.  This row is the nearest to the interface.  Row 5’s 
hardness results are comparable to that of the surface of the Ti 1.2 base material, 3.33 GPa.  The 
indents on the Nb/436L stainless steel interface, Figure 6.12, were created beginning with indent 
1G, continuing across row 1, begin again at 2G, etc. to indent 7L.  Row 2 has the highest average 
hardness of this grid with 5.76 GPa.  This row is revealed through ESEM to be on the reaction 
layer between Nb and 436L stainless steel.  The high hardness indicates that the reaction layer is 
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more brittle than either the 436L stainless steel or the Nb interlayer.  The reaction layer is 
continuous and could act as a low energy fracture path.  The energy that is required for a fracture 
path decreases as ductility decreases, thus the reaction layer could potentially lower the joint 
strength if acting as the fracture path during failure. 
 
Figure 6.11 Nanoindents of the Ti/Nb interface (red line) (left) and corresponding nanohardness 
values (right). 
 




6.2 Mechanical Testing Results 
 This section presents the results of mechanical testing on MSW samples, including results 
from tensile testing and in-situ DIC. 
6.2.1 Tensile Behavior  
 Nb interlayer ruptures are currently unable to be detected except by destructive means and 
therefore it is unknown if the samples that were tensile tested had ruptures in the Nb interlayer.  
Tensile samples were machined from Plates 2 and 3.  These samples are labeled MS for mash 
seam, the plate number (2 or 3 in this case), and T1 or T2 for tensile test 1 or 2 respectively.  
Results from the tensile tests are provided in Table 6.3.  Table 6.3 includes the values for the Ti 
1.2 ASN base material for comparison, since each sample failed in the Ti 1.2 ASN base material 
away from the joint, as seen in Figure 6.13.  In each test, the ultimate tensile strength (UTS) and 
failure stress are similar to the Ti 1.2 ASN base material as expected given the location of the 
failure.  The MSW tensile tests reported a significantly higher yield strength compared to the Ti 
1.2 ASN base material.  This may be due to the stress distribution between both base materials and 
the joint itself.  Figure 6.14 shows the strain throughout the joint during tensile testing by means 
of DIC.  The in-situ DIC result gives insight on the strain localization within the Ti base material.  
The strain developed mainly in the Ti 1.2 ASN base material and a small amount of strain 
developed in the joint and the 436L stainless steel base material.  The stress strain curves of the 
MSW samples and the Ti 1.2 ASN base material in Figure 6.15 exhibited similar ultimate tensile 
strength, since the failure both occurred in the Ti base material.  
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Table 6.3 Tensile Results of MSW Samples. 
 
 
Figure 6.13 MSW joint after tensile testing. 
 
               
Figure 6.14 DIC results from MS-2-T2 throughout tensile testing, the orange box is the location 
of the joint. 
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Figure 6.15 Engineering stress-strain curves of MSW samples (left) and Ti 1.2 ASN base material 
(right). 
 
6.3 Discussion and Conclusions 
 The MSW samples failed in the Ti 1.2 ASN base material.  This failure location is 
potentially due to the joint having a different thickness than the surrounding base materials and 
the joint strength was not sufficiently reduced in comparison to the thin Ti base plate.  The Ti 1.2 
ASN base material, 436L stainless steel base material, and the joint had thicknesses of 0.86 mm, 
1 mm, and 1.3 mm, respectively.  The different thicknesses changed how the stresses were 
distributed during testing.  DIC in Figure 6.14 shows the MSW joint and the 436L stainless steel 
base material underwent small strain during testing.  The strain mostly concentrated in the Ti 1.2 
ASN, which had the thinnest thickness, and failure eventually occurred in the concentrated strain 
region.  The varying welding currents did not change the strain distribution, so the different 
parameters resulted in the same tensile strengths. 
 SEM and EDS revealed a reaction layer between the Nb interlayer and the 436L stainless 
steel base material.  This reaction layer ranged from 42 μm to 480 μm, where partial melting and 
resolidification occurred.   
66 
 The material away from the joint’s cross-sectional interface measured lower hardness 
values than the as-received base materials.  This may be due to grain coarsening associated with 
the high heat input during the MSW welding process.  Both hardness measurement techniques 
recorded high hardness in the reaction layer between the 436L stainless steel and the Nb interlayer.  
Microhardness ranged from 309 HV to 516 HV.  Nanohardness ranged from 5.5 GPa to 6.0 GPa 
which converts to 561 HV and 612 HV.  High hardness usually means a phase is brittle and thus 
should be the failure location, however this did not happen due to the uneven distribution of stress 
throughout the joint and base materials mentioned above.  Failure occurred in the Ti 1.2 ASN base 
material as it was the thinnest section of the joint.  
 A high welding current used in Plate 3 led to a ruptured Nb interlayer at the initial welding 
stage, where the current and load applied may have been unstable.  A ruptured interlayer caused a 
severe reaction between the two base materials, as seen in Figure 6.9.  The intermetallics seen in 
Figure 6.4b and Figure 6.9 are composed of Cr, Fe, Nb, and Ti.  Given the larger amounts of 
intermetallics, a joint with a ruptured interlayer would be expected to have a lower strength than a 
joint with an intact Nb interlayer.  The rupture occurred due the MSW process not being 
completely optimized.  The tensile results did not reflect the influence of a ruptured interlayer 
since the thin Ti base plates were weaker and failure all occurred in the Ti base plates.  
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CHAPTER 7: ENERGY INPUT OF TECHNIQUES 
 This chapter compares the energy input for the welds generated from VFAW and MSW 
methods that exhibited the best performance.  The normalized energy input is summarized in 
Table 7.1. 
 The energy used to generate a weld can be calculated for the MSW technique based on 
the given parameters tabulated in Table 3.3 using Equation 7.1 where E is energy in Joules, v is 
voltage in Volts, i is current in Amps, and t is time in seconds [64].   
Equation 7.1 
 The voltage and current are given in the welding parameters of the MSW plates found in 
Table 3.3.  As they are constants, Equation 7.1 becomes Equation 7.2.  The time needed to make 
the welds is calculated by Equation 7.3 where l is the length of the weld and s is the travel speed 
of the welding process given in Table 3.3.  Converting the travel speed from ft/min to mm/sec 
results in a new travel speed of 10.67 mm/sec.  With this travel speed, the weld from Plate 1, which 
was 185 mm in length, was made in 17.3 sec.  2829.9 kJ of energy was input to make the MSW 
weld from Plate 1. 
Equation 7.2 
Equation 7.3 
 To accurately compare the energy needed to produce welds from different welding 
techniques, the input energy has been normalized by weld area.  As previously stated, the energy 
input in the MSW Plate 1 weld is 2829.9 kJ.  The weld area used to normalize the MSW energy 
input was 185 mm in length and 1.3 mm thickness resulting in a weld area of 240.5 mm2.  The 
resulting normalized energy input of the MSW technique is 11.77 kJ/mm2. 
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 The area used for normalizing the VFAW Batch 3 data is the welded area between the 
initial impact zone and the trapped jet zone.  The area of the welded area is 85.18 mm2.  The input 
energy found in Table 3.2 and the weld area result in a normalized energy input of 0.025 kJ/mm2.   
 Energy input for other techniques was calculated using weld information from literature 
and is summarized in Table 7.1 [2, 14, 20].  Energy used to produce titanium to stainless steel 
joints for laser welding was calculated using Equation 7.4 where P is the laser’s power in Watts, t 
is time in seconds, and eff is the wall plug efficiency of the type of laser [65].  Time for the welds 
was calculated using Equation 7.3  Both Chen et al. and Shanmugarajan et al. used CO2 lasers 
which have a wall plug efficiency of 15% to create butt welds [65].  Chen et al. used 20 kJ of 
energy to produce a weld area of 50 mm2 resulting in a normalized energy input of 0.4 kJ/mm2 [2, 
14].  Shanmugarajan et al. used 11.67 kJ to weld an area of 150 mm2 resulting in a normalized 
energy input of 0.078 kJ/mm2 [2, 14].   
Equation 7.4 
 Dey et al. provided the energy used to make a weld interface of 30 mm2 with friction 
welding which was 32.173 kJ [20].  The resulting normalized energy input was 1.072 kJ/mm2. 




CHAPTER 8: RESEARCH SUMMARY AND CONCLUSIONS 
 This study analyzed dissimilar titanium to stainless steel joints produced by the solid-state 
welding techniques in order to reduce or eliminate the formation of brittle Ti-Fe intermetallics.  
The welding techniques used were vaporizing foil actuator welding (VFAW) and mash seam 
resistance welding (MSW).  The materials used to create the joints were the alpha titanium alloy 
Ti 1.2 ASN and the ferritic stainless steel 436L stainless steel. 
• VFAW produced a cross-sectional interface with three distinct regions.  The first region 
was the initial impact zone.  This is where the flyer material first contacted the target 
material and did not bond.  The second region is the welded region, where the flyer and 
target materials created a bond.  This region had a wavy interface, starting with small waves 
that grow larger as distance from the initial impact zone increases.  The final region is the 
trapped jet zone.  The jet produced during the welding process was trapped in the weld and 
prevented the flyer and the target materials from contacting and producing a bond.  The 
wavy interface of the welded region is the same type of interface seen in explosive welding.  
This is expected as both techniques use kinetic energy to create a bond at high speeds.   
• As in explosive welding, pockets of intermetallics were found next to the waves within the 
interface.  These pockets were small with a thickness of 23 μm and a length of 88 μm.  EDS 
results identify the composition of the intermetallic pockets as a mixture of TiCr2, TiFe2, 
and TiFe, which are also reported in explosive welds between titanium alloys and stainless 
steels.  In explosive welding these intermetallic pockets are formed due to the energy of 
the jet trapped by formation of the wavy interface.  Given the similarities between the 
welding techniques, the intermetallic compositions, and the intermetallic location, the 
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intermetallics formed in VFAW is most likely also due to jet getting trapped along the 
interface.   
• The maximum shear strength produced by the VFAW samples was 227 MPa by Mode A 
failure.  This value is similar to the literature reported value of 220 MPa for explosive 
welding that formed intermetallics.   
• The microhardness values across the joint were comparable to the base materials except 
for the intermetallic pockets, which were close to three times as hard as the base materials.  
Although the formation of intermetallics occurred, small pockets of intermetallics are 
better for mechanical properties than a continuous layer.   
• Kahraman et al. reported no intermetallic formations in their explosive welded joints [30] 
and given the similarities between explosive welding and VFAW, further research into 
VFAW may uncover parameters that create a similar interface with no intermetallics.  
VFAW produced results similar to explosive welding but has less safety concerns and 
restrictions of weld size and geometry than explosive welding. 
• MSW produced dissimilar welds using an interlayer of Nb 100 μm thick.  The interlayer 
prevented the formation of Ti-Fe intermetallics when no interface rupture occurred and did 
not react with the Ti 1.2 ASN base material.  It did however react with the 436L stainless 
steel base material.  The reaction layer had a maximum thickness of 480 μm near the center 
of the weld cross section.  EDS revealed the reaction layer had a composition that 
corresponded with a solid solution portion of the ASM Cr-Fe-Nb ternary diagram.  Cr and 
Fe had slight segregation whereas the Nb segregation was more distinct.  This reaction 
layer had high nanohardness and is likely to be brittle.   
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• Tensile testing did not reveal the strength of the MSW joints.  The stresses were not evenly 
distributed during test because of the difference in thickness.  DIC results showed the joint 
underwent little strain while the Ti 1.2 ASN base experienced most of the strain 
accumulation.   
• Literature suggests that the tensile strength of a joint is inversely related to the average 
hardness of the interface compound layer, which is the reaction layer between the Nb 
interlayer and the 436L stainless steel base material [34].  But in this study the joint and 
each base material had different thicknesses which effected the stress distribution within 
the joint.   
• With a high energy input, rupturing of the Nb interlayer allows for the Ti 1.2 ASN and 
436L stainless steel to react and generate a significant amount of intermetallics than what 
formed with an intact interlayer. 
• VFAW produced a joint using the lowest energy per area (0.025 kJ/mm2) of the techniques 
for which it was calculated.  This is significantly lower than the other welding techniques 
with the next lowest being laser welding with a value of 0.078 kJ/mm2.  MSW used the 
highest amount of energy per area (11.77 kJ/mm2) of the techniques calculated. The energy 
per area calculations from literature all came from butt welds, whereas the joints calculated 
for this study were spot welds and lap welds.   
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CHAPTER 9: FUTURE WORK 
 This chapter reviews possible directions this project can take in the future.  During this 
project, limitations for both welding methods were realized.   
 The major limitation for VFAW is the weld geometry.  Currently, VFAW can be used to 
make spot welds.  To expand the possible weld geometries, this project can expand into other types 
of collision welding, such as magnetic pulse welding (MPW).  MPW is another type of collision 
welding where the driving force is pressure generated by a magnetic field.  The weld process is 
similar to VFAW and therefore should have similar weld microstructure.  MPW can produce a 
continuous lap weld for tubing instead of multiple spot welds as VFAW would do.  The continuous 
weld would be advantageous over multiple spot welds as it has fewer stress concentrators within 
the weld area.   
 To have an accurate measurement of the mechanical properties of the MSW joints with a 
Nb interlayer, new joints with a uniform material thickness would need to be produced and tested.  
The joints provided for this project had base materials of different thicknesses which were both 
smaller than the joined portion.  The varying thicknesses led to stress concentrating in the thinnest 
base material instead of the joint itself.  The joint strength, therefore, was not directly tested during 
the tensile tests.  MSW using a Nb interlayer formed a reaction layer between the 436L stainless 
steel and the Nb interlayer.  This reaction layer was harder and presumably more brittle than the 
base materials.  The joints should have failed at this reaction layer.  This project could extend into 
different interlayers that would not react with the base materials.  One method of research would 
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APPENDIX A: EDS SPOT ANALYSIS 
Table A.1 VFAW Batch 3 EDS Spot Analysis. 
At% Al Cr Fe Mn Mo Ni Si Ti 
Spot 1 - 10.40 46.35 - - - 1.47 41.78 
Spot 2 - 10.10 45.99 - - - 1.18 42.73 
Spot 3 - 10.56 46.66 - - - 1.62 42.16 
Spot 4 - 9.62 44.28 - - - 1.16 44.93 
Spot 5 1.36 - - - - - 1.59 97.05 
Spot 6 1.47 - - - - - 1.61 96.92 
Spot 7 1.60 - - - - - 1.72 96.68 
Spot 8 - 18.04 78.74 0.40 0.51 0.33 1.59 0.39 
Spot 9 - 18.10 78.74 0.36 0.47 0.29 1.64 0.40 
Spot 10 - 18.09 78.54 0.37 0.49 0.45 1.70 0.37 
 
Table A.2 Mash Seam Plate 3 EDS Spot Analysis 
At% C Cr Fe Mn Mo Nb Ni Si Ti 
Spot 1 12.09 13.42 62.72 0.39 0.88 7.99 0.26 1.80 0.45 
Spot 2 13.20 13.70 63.08 0.25 0.79 7.19 0.19 1.24 0.38 
Spot 3 12.73 13.25 62.24 0.41 0.84 7.98 0.34 1.70 0.52 
Spot 4 12.64 13.50 63.03 0.26 0.82 7.53 0.21 1.65 0.36 
Spot 5 11.48 14.40 64.84 0.40 0.76 5.89 0.31 1.56 0.37 
Spot 6 12.44 14.16 64.09 0.40 0.75 6.14 0.13 1.51 0.38 
Spot 7 11.85 16.30 68.12 0.26 0.47 1.69 0.14 0.90 0.26 
Spot 8 11.83 16.29 68.15 0.34 0.46 1.51 0.17 0.92 0.33 
Spot 9 12.15 16.10 68.05 0.30 0.44 1.57 0.22 0.97 0.20 
Spot 10 11.57 16.31 67.70 0.34 0.46 1.82 0.26 1.25 0.30 
Spot 11 12.16 15.77 69.86 0.27 0.38 0.09 0.10 1.08 0.30 
Spot 12 11.19 16.16 69.97 0.38 0.40 0.50 0.11 1.01 0.28 
 
